The aim of this work is to describe and compare mechanical properties of eight widely used nickel-titanium orthodontic wires under uniform testing conditions and to determine the influence of the heat treatments on the loss of the superelasticity. Ten archwires from two batches from eight different manufacturers were evaluated. A three-point bending test was performed, in accordance with ISO 15841:2006, on 80 round nickel-titanium archwire segments of 0.016 inch. To obtain a load-deflection curve, the centre of each segment was deflected to 3.1 mm and then unloaded until force became zero. On the unloading curve, deflection at the end of the plateau and forces delivered at that point, and at 3, 2, 1 and 0.5 mm of deflection, were recorded. Plateau slopes were calculated from 3 and from 2 mm of deflection. Data obtained were statistically analysed to determine inter-brand, intra-brand and inter-batch differences (P < 0.05). The results show that at 2 mm of deflection, maximum differential force exerted among brands [Nitinol SuperElastic (1.999N)-Sentalloy M (1.001 N)] was 0.998 N (102 gf). The Nitinol SuperElastic plateau slope (0.353 N/mm) was the only one that was statistically different from 2 mm of deflection, as compared with the other brand values (0.129-0.155 N/mm). Damon Optimal Force described the gentlest slope from 3 mm of deflection (0.230 N/mm) and one of the longest plateaus. Titanol and Orthonol showed the most notable intra-brand differences, whereas inter-batch variability was significant for Nitinol (Henry Schein), Euro Ni-Ti and Orthonol. Superelasticity degree and exerted forces differed significantly among brands. Superelasticity of Nitinol Super-Elastic was not observed, while Damon Optimal Force and Proclinic Ni-Ti Superelástico (G&H) showed the most superelastic curves. Intra-brand and inter-batch differences were observed in some brands. In all cases, the heat treatment at 600°C produces precipitation in the matrix. The precipitates are rich in titanium and this fact produce changes in the chemical composition of the matrix and the loss of the superelasticity. At 400°C these precipitates are not produced and the forces delivered by the wires are very similar with wires untreated.
Introduction
A thorough knowledge of the mechanical behaviour of an orthodontic archwire is required in order to select one of suitable size and material that will provide optimal and predictable treatment results [1] [2] [3] [4] . Many different materials for archwires as nickel-titanium (Ni-Ti), beta-titanium and stainless steel are used during an orthodontic treatment. Ni-Ti archwires are the most used at the beginning of the treatment when more of the dental movement is needed. For this reason their outstanding clinical characteristics as flexibility and springback make them ideal for alignment and levelling the teeth.
According to Kusy [5] , there are three categories of Ni-Ti archwires, each one having its unique properties and characteristics: conventional, pseudoelastic and thermoplastic wires, the last two of these are superelastic. The first Ni-Ti archwire, marketed as Nitinol (Unitek Corp.) in the late 60s, stood out for its low stiffness and high springback properties that define conventional Ni-Ti archwires. Since then, the Ni-Ti wire has rapidly become the wire of choice for the alignment and levelling treatment stage.
The success of today's Ni-Ti archwires is due to their superelasticity and shape memory. Superelasticity is characterised by a load-deflection curve with a horizontal region during unloading, referred to as the plateau [5] . Kusy terms this nonlinear yet nonetheless elastic behaviour pseudoelasticity. These two properties are associated with phase transitions within the Ni-Ti alloy between the martensitic and austenitic forms that may occur either by lowering temperature or by applying stress over a defined temperature range. However, superelasticity becomes evident only if the deflection/activation is high enough to induce the martensitic transformation [6] [7] [8] [9] [10] [11] [12] [13] .
Superelastic Ni-Ti archwires are designed to move teeth with light and continuous forces. A deflected archwire should behave elastically over a period of weeks to months, generating a wide range of activation as authentic deposits of mechanical energy. Superelasticity allows the tooth to receive as constant a force as possible above a minimum required force [4] [5] [6] . If the force level remains above the physiological minimum required to induce tooth movement almost all the way to total deactivation, a full levelling should be achieved without frequent archwire changes. Furthermore, the maximal exerted force is limited, thus preventing undesirable effects such as patient discomfort, tissue hyalinisation and root resorption [14] [15] [16] [17] [18] [19] .
At present, there are hundreds of wire brands available. Moreover, some manufacturers do not specify the mechanical properties of their archwires. Even when the properties are specified, they usually cannot be properly compared with those of similar products due to different measuring conditions. Additionally, depending on the manufacturing process, superelastic Ni-Ti orthodontic wires do not all have the same characteristics. Hence, some clinicians expect the same results when using wires from different brands, or even from different batches from a single manufacturer.
Some studies have reported significant differences in Ni-Ti archwire behaviour, which often deviates from superelasicity. The differences lie in the shape of the forcedeflection curve and the position and level of the superelastic plateau [13, 14, 20] . Furthermore, differences among wires from a single brand have been reported in the literature [11, 13, 18, 21] . To the authors' knowledge, only one study has been carried out in accordance with the International Norm ISO15841:2006, which specifies the requirements for the presentation of the physical and mechanical properties of orthodontic wires, the test methods by which they can be determined, the packaging and labelling of information [22] .
Nowadays, it is a quite a common practice by some orthodontists to modify the arch of the Ni-Ti wires. For this shape modification, a heat treatment is applied at temperatures between 400 and 600°C. However, since the clinical performance of the orthodontic archwires is associated to the transformation temperatures and stresses, which could be affected by the thermal treatment, it is of paramount importance to assess if this thermal treatment effectively restores the thermomechanical properties of the archwires.
Therefore, the aim of this study was to evaluate and compare the mechanical properties of eight widely used orthodontic Ni-Ti archwires, independently of trade houses and under the same standardised testing conditions (International Norm ISO15841:2006). The consistency of the mechanical properties among wires from the same brand and between wires from different batches from the same manufacturer was compared. Additionally, the effect of the thermal treatments on the mechanical behaviour and the microstructure of Ni-Ti archwires of different compositions was studied.
Materials and methods
Preformed Ni-Ti alloy orthodontic wires commercialised by eight different manufacturers as superelastic with a 0.016 inch round section were assessed. Five randomly chosen wires from each two batches from each of the eight manufacturers were selected. One of the two posterior sections from each archwire was cut and tested. Thus, the total sample amounted to 80 distal sections of 40 mm [22] . The respective manufacturers were not informed that these materials would be studied. Table 1 shows the list of the tested archwires. The samples were distributed in tubes according to batches and then heated at a constant temperature of 36.0°C (±1°C) for 18 h.
A three-point bending test was performed in accordance with paragraph 6.4.3 of ISO15841:2006 regarding orthodontic wires [22] . The procedure was conducted at a constant room temperature of 36.0°C (±1°C) under identical testing conditions using the 5 kN QUASAR5 Universal Testing Machine (GALDABINI, Varese, Italy) [13, 22] .
The mechanical properties were assessed by three-point bending tests using a 10 mm span of the beam [14, 22] . The distance between the penetrator point and the two supporting points was identical. The radius of supporting and penetrator points were 0.10 ± 0.05 mm, in accordance with the ISO14841:2006 [22] .
One test was carried out on each sample. The centre of the wire segment was deflected at a crosshead speed of 7.5 mm/min until 3.1 mm of deflection in accordance with the ISO14841:2006 [22] . The degree of deflection was similar to how is produced under clinical conditions when arcades are being levelled and aligned [23] . Then the samples were unloaded at the same crosshead speed until the released force became zero.
Graphworks 5 was used to draw the force-deflection diagrams with the same limits (4 N-3.5 mm) for each batch of archwires in order to compare their behaviour visually. Data were extracted from the unloading curve, which is instrumental in orthodontic tooth movement [13, 14] . Six parameters were taken directly and two parameters indirectly to assess the superelasticity of the wires [13, 14, 22] :
-Force level delivered in Newtons (N) when the deflection was 3.0 mm, 2.0 mm, 1.0 mm, 0.5 mm (Fdef-3 mm, Fdef-2 mm, Fdef-1 mm, Fdef-0.5 mm, respectively) [22] . -Deflection of the archwire at the end of plateau in mm (Sp) [14] . -Minimum force level at the end of superelastic plateau in N (Fp) [14] . -Plateau slopes; one between 2 mm and Sp (Slope-2 mm) and another between 3 mm and Sp (Slope-3 mm) of deflection expressed in N/mm. This measures the degree of plateau flatness; therefore, the closer the slope value is to zero, the more constant the force is. The loading and unloading curve of Ni-Ti archwire and all evaluated parameters of the study are shown in Fig. 1 .
Slope À 2mmðN=gÞ : ðFdef À 2mm À FpÞ ð2 À SpÞ Slope À 3mmðN=gÞ : ðFdef À 3mm À FpÞ ð3 À SpÞ
Ten archwires for each composition were analysed as received, and 20 samples were subjected to a thermal treatment to simulate the procedure followed by the orthodontists previous to modify their shape. Specimens measuring 45 mm in length were cut from the archwires. They were heat treated in groups of five specimens at different temperatures (400 and 600°C) and for 1 h. The specimens were placed in a tubular furnace with argon atmosphere at a constant temperature for each experiment and then removed from the furnace after the different periods of time and rapidly quenched in water at 20°C.
The specimens were cut with diamond discs from pins used to carry out resistance tests. Specimens were ground with 1000 grain size paper to a thickness of 140 mm and electrochemically polished using a double jet thinning technique in order to observe by transmission electron microscopy (TEM). The conditions used were: 80 % methanol, 20 % perchloric acid electrolyte with 20 V of tension and electrolyte temperature of −20°C. The metallographic observation was carried out with a TEM using The results were analysed using Statgraphics Plus 5.1. One-way analysis of variance (ANOVA) and a t-test were applied to compare differences among brands and between batches, respectively. The intra-brand differences, expressed as variations on standard deviations (SD), were compared using the Bartlett's test. Statistically significant differences were observed with a P-value < 0.05. Table 2 shows the mean force delivered in Newtons (N) by the different archwires at 3, 2, 1 and 0.5 mm of deflection, as well as the deflection (Sp-mm) and force delivered (Fp-N) at the end of the plateau. In the means comparison, statistical differences were observed among brands for each variable measured (P < 0.001).
Results

Inter-brand differences
The data reported that 3M archwires exerted the highest forces at all deflection points, except at 0.5 mm, as this deflection point lay in the elastic region of their unloading curve. Besides, the pseudo-plateau of this archwire was the shortest, as it disappeared at 1.091 mm of deflection, while in other archwires the plateau ended between 0.401 mm (GAC) and 0.708 mm (RMO) of deflection. In contrast, GAC archwires released the lowest forces at all deflection points, except at 3 mm, where DAMON exerted the lowest force (1.706 N) . At 2 mm of deflection (close to the centre of the plateau of all the archwire brands tested), maximum differential force exerted among brands was 0.998 N (102 g). Values ranged between 1.999 N (3M) and 1.001 N (GAC).
The degree of superelasticity was defined by the plateau slopes. The plateau was evaluated both from 2 mm of deactivation to the Sp point (Slope-2 mm) and from 3 mm of deactivation to the Sp point (Slope-3 mm). Table 3 shows the results of these measurements and the superelasticity ranking.
The slope-2 mm were non-statistically different (P 0.359) and ranged between 0.127 N/mm (PRO) and 0.155 N/mm (FOR), with the exception of the slope obtained for 3M (0.353 N/mm), which showed a non-superelastic behaviour between 2 mm of deflection and Sp. However, a comparison of slope-3 mm showed differences among all the brand groups (P < 0.001). DAMON group (0.230 N/mm) had the gentlest slope, while the steepest one was obtained for EURO (0.356 N/mm). Figure 2 illustrates the similitude of the superelastic behaviour in slope-2 mm and, in contrast, the differences that appeared when the slope was measured from 3 mm (slop-3 mm).
Due to their superelastic properties, Ni-Ti archwires are able to produce teeth movement with greater efficiency and in a shorter time in comparison to other orthodontic alloys; they are especially indicated in situations that require large deflections of an orthodontic archwire such as the preliminary bracket alignment stage in load deflection in orthodontic therapy.
Intra-brand differences
The comparison of SD can be observed in Table 2 highlighted statistical differences among intra-brand variations of all analysed measurements, with the exception of the force exerted at 3 mm of deflection (P < 0.001).
As a rule, the largest SD appeared in the force exerted at 0.5 mm and at the end of the plateau (Fp) (P < 0.001). FOR and RMO archwires showed the least reproducible behaviour, while GAC and DAMON archwires had the most consistent unloading curves, with the exception of one sample from DAMON batch 1. However, the SDs of the slopes (Table 3) were lower than those obtained for the six measurements shown in Table 2 .
Inter-batch differences
The inter-batch variation for the six measurements was analysed by a t-test. Table 4 shows the results of the interbatch means comparison. Significant differences were observed only between EURO, HS and RMO batches. The most notable and most frequent differences appeared between RMO batches. No significant differences were observed between batches regarding plateau length (Sp) for any brand.
Heat treatments
In Table 5 can be observed the minimum forces at the end of superelastic plateau for the as-received samples, and the treated at 400 and 600°C for 1 h. It can be observed that the samples treated at 400°C for 1 h presented forces at the end of superelastic plateau slightly lower than as-received material. The samples treated at 600°C did not present plateau.
The thermal treatment of the Ni-Ti archwires produced different degrees of precipitation or ageing depending on the temperature and the heating time. Scanning electron microscopy (SEM) and TEM micrographs with foil plane are shown in Fig. 3 as a representative example of microstructure of the archwires treated at 600°C where can be observed precipitates. The precipitates were not observed when the samples were treated at 400°C for 1 h. However, the samples treated at 600°C produce precipitation in the grain boundaries. From Figs. 3a and b we can observe the differences between the same sample treated at 600°C for 30 min or 1 h. At 1 h the precipitates are more abundant with very similar sizes. For 1 h the precipitation can be considered finished.
The precipitates are aligned on the grain boundary, have a spherical shape and have an average diameter of 490 +/− 203 nm (Fig. 3c ). Therefore, these were characterised by electron diffraction technique showing a Face-Centered Cubic structure (FCC structure) with a lattice parameter of 11.278 Å. The data coincides with references corresponding to Ti 2 Ni precipitates forming these precipitates incoherent phases with the matrix. This fact produces an increase of the interface energy producing spherical shape in order to minimise the internal energy of the system. The diffraction pattern of Ti 2 Ni is shown with zone axes can be observed in Fig. 3d .
These Ti-rich precipitates are very stable and the chemical composition of the matrix was determined by Energy Dispersive Spectroscopy analysis (EDS analysis) with the TEM. The precipitates produce a decrease of the titanium content (around 0.63 %) during the thermochemical treatment into Ni-Ti bulk.
Discussion
Due to its reproducibility, the three-point bending test, first developed by Miura et al. in 1986 , has become the gold standard for testing and comparing the flexural properties of orthodontic wires [6, 8, 12, 13, 18, 24, 25] . However, a number of authors have attempted to simulate some variables encountered in clinical conditions where the wire is constrained as part of a fixed appliance [11, 12, 14, 19, 26] .
Yet, there appears to be no established consensus in the literature review regarding the exact test procedure of the three-point bending test [27] [28] [29] [30] [31] [32] . This flexural test is currently regulated by two norms:
- [33] .
Nonetheless, the literature review shows that no subsequent studies have followed the ISO 15841:2006 [13, 17, 20, 27, 30, 32] , except one study by Brauchli et al. [24] . Hence, this study recommends that all research should [34] .
A wide variability of the load-deflection properties was observed among Ni-Ti archwires supplied by the different manufacturers, and even among different batches of wires from the same manufacturer. The analysis showed strong statistical differences among brands for all the measurements, as previously reported in other studies [6, 13, 14, 20] . Figure 4 shows an overview of the different archwire behaviours. The graph shows similar curves, with an evident superelastic plateau represented by a notable difference in the slope of the unloading curve, which could be divided into two regions: an initial and longer superelastic region (martensite phase) and a final elastic region (austenite phase). The 3M group is the exception, due to its subtle difference between these two phases. No wire showed any permanent deformation after the three-point bending test. 3M had the most differentiated curve, which could be considered as non-superelastic. In this case, the plateau of the loading and unloading curve appeared and disappeared later and sooner, respectively, than the other plateaus; hence the plateau length was shorter. Furthermore, the delivered forces seemed to be much higher. The GAC group, in contrast, had the lowest delivered forces. Long plateaus and low forces seemed to be delivered by EURO and DAMON groups.
Inter-brand differences
According to the data, at 2 mm of deflection this study observed differences of 0.998 N (102 g) between the force delivered by Nitinol SE (1.999 N) and by Sentalloy M (1.001 N) , which has a clinical impact. Nakano et al. [6] reported differences of 140 g in the force delivered at 2 mm of deflection among 19 brands of 0.016 inch round wires. However, they included both superelastic and conventional Ni-Ti archwires. Specifically, between Sentalloy (0.784 N) and Nitinol SE (1.441 N), these authors reported a difference of 0.657 N at 2 mm of deflection between 14 mm span instead of 10 mm, which might explain the greater difference obtained in the present study.
Tonner and Waters [31] concluded that force values at mouth temperature may differ by 600 % for wires of the same nominal diameter (0.0016 inch) made by different manufacturers. In comparison with of the force values obtained for Nitinol SE at 0.5, 1, 2 and 3 mm of deflection with those facilitated in specifications of 3M Unitek, the results of the present study ranged within maximum and minimum forces delivered in the three-point bending test developed by 3M Unitek, in accordance with ISO 15841 [34] .
The degree of superelasticity defined by the plateau slope depended on the range of deactivation (x-axis) in which the slope was assessed, as observed in Table 3 . While slope-2 mm showed only statistical differences for the 3M group, slope-3 mm showed more evident differences. This finding was due to an increase in the slope for almost all the archwire groups between 3 and 2 mm of deflection, which is similar to the findings of Lombardo et al. [20] .
The most superelastic behaviour was shown by the DAMON group, with a slope-3 mm of 0.230 N/mm. Thus, the force exerted decreased by 0.230 N (23.5 g) for each millimetre of deactivation. This almost constant delivered force over a wide range allows the orthodontist to engage Fig. 4 Loading and unloading curve of all studied Ni-Ti archwires the archwire even in teeth that are far from their correct position in the arcades (e.g., high canines).
In agreement with Gil [35] and Bartzela et al. [13] , the addition of copper in the DAMON archwires is effective in narrowing the stress hysteresis and decreasing the slope of the unloading curve. Wilkinson et al. [11] and Lombardo et al. [20] also ranked Ormco Copper Ni-Ti 27°( similar to Damon Optimal Force) as the most superelastic among 7 brands and 17 brands, respectively. Additionally, this wire also had the lowest hysteresis. This finding could suggest that lower loading forces are necessary to engage the wire in the bracket slot. In addition, Liaw et al. concluded that although friction is multifactorial, austenitic-active Ni-Ti archwires with low-stress hysteresis might improve the sliding between the bracket and the archwire [15] .
In contrast, Nitinol SuperElastic (3M) had the steepest slopes and the shortest plateau. According to the wire classification of Bartzela et al., this wire belongs to the non-superelastic group, with a clinical plateau length of 0.13 mm [13] .
The present study ranked the FOR group in fifth place of the seven archwire brands, with a plateau slope of 0.339 N/ mm. According to Tonner and Waters, Titanol had no superelasticity because the slope of the unloading curve did not decrease according to their definition of plateau, which those authors consider as the region where the slope is less than or equal to 10 cN/mm of deflection [31] . According to Segner and Ibe, Titanal (FOR) and Nitinol SE (3M) were neither superelastic, nor did they have superelastic tendencies [14] . However, Bartzela et al. considered Titanal as true superelastic, with a clinical plateau longer than 0.5 mm (0.92 mm) and a mean force of 1.09 N [13] . Hence, there is some controversy surrounding the superelasticity of Titanol (FOR).
The controversy may be explained by the variation among studies in the region of the unloading curve along the x-axis where the slope was calculated. Therefore, the authors of the present study believe it is necessary to standardise the method for calculating the plateau slope. Bartzela et al. also reported that Sentalloy M (GAC) and Orthonol (RMO) had superelastic tendencies. However, the slopes they reported for these two archwires produced different results: the Orthonol's slope is much gentler (39 g/mm) than Sentalloy's M (173 g/mm) [14] . Similar ranking results were obtained in the present study.
The wires with longer and less pronounced clinical plateaus, such as the DAMON group, are true superelastic and provide relatively stable forces, indicating the best clinical performance. The main clinical advantage of these types of wires is their ability to apply relatively low and stable force levels for the first phase of treatment with fixed appliances. The true superelastic wires are indicated for levelling and should be especially recommended for the treatment of adult patients and stark crowding cases [13, 14] .
Sentalloy M had the lowest Sp (0.40 mm). Its superelastic behaviour was still present until almost the end of the unloading curve. Segner et al. obtained a similar result (0.50 mm) [14] . Thus, these archwires released a relatively constant force until the correction of almost all the crowding. Furthermore, the wires with a longer clinical plateau together with greater application forces, such as the DAMON Optimal Force (Sp: 0.552 mm and force at 2 mm: 1.356 N), are indicated for derotational procedures [13] .
On the other hand, in agreement with Lombardo et al. [20] , the shortest pseudo-plateau of Nitinol SuperElastic with the highest Sp value (1.091 mm) is another characteristic that casts doubt on the superelasticity of this archwire.
Intra-brand differences
The highest SD were obtained for values of delivered forces at specific millimetres of deflection, with variations up to ±0.701 N (71.5 g) as reported for force exerted at 2 mm of deflection within FOR group. However, both plateau slopes values of all the archwires are highly reproducible, with the exception of the one obtained for 3M group, because of the difficulty to identify the end of the "pseudo-plateau" (Sp). Tonner and Waters stated that the coefficients of variation for the plateau values for the 0.016 wires tested ranged between 3.11 and 10.34 % [18] .
The highest variability in forces delivered among archwires from the same brand were observed for Orthonol (RMO) and Titanol (FOR), whereas the lowest intra-brand differences were obtained for the DAMON and GAC groups, in agreement with Tonner, who reported a variability of 8.04 and 3.17 % for Titanol and Sentalloy M, respectively [18] .
However, Bartzela et al. concluded that Ormco and Forestadent had less variability between the same type of wire products (same batch) in comparison with those of other manufacturers [13] . Besides, they established that the variability in the repeated measurements of the same type of wire reflects both the variability between individual wires and the measurement error [13] .
Inter-batch differences
This study also reported inter-batch differences for HS, EURO and, especially, RMO group, as was advanced by Wilkinson et al. and Bartzela et al. [11, 13] . Some authors have suggested that the manufacturers should at least quantify the elastic parameters of each batch if they are unable to improve the standardisation of the mechanical properties of the wires [16, 21] .
Heat treatments
A relevant finding was that, under these circumstances, the alloy can loss partially its shape memory and superelastic properties due to the anchorage of the stress-induced martensite in the precipitates. This fact does not occur when the heat treated is at temperatures lower 400°C. It can be observed that at 400°C decrease lightly the delivered forces but the archwire presents superelasticity. On the contrary, the samples treated at 600°C did not present plateau and consequently the superelastic behaviour has disappeared.
However, these properties were recovered by applying a heat treatment at 900°C for 30 min, which was able to dissolve the precipitates.
Arciniegas et al. [36] have demonstrated the appearance of Ni-Ti precipitates rich in Titanium (Ti 2 Ni) when a Ni-Ti alloy (50 % at with martensitic microstructure) are subjected at similar heat treatments. Ti 2 Ni precipitates impeded the growth of martensitic plates and can be nucleation source of them. Similar observations were reported by Firstov et al. [37] where the martensitic transformation of the substrate Ni-Ti alloy beneath the oxidised scale is suppressed below room temperature because of the depletion of the Ni-Ti lattice by Ti which is consumed in the oxidised scale to produce Ti oxides.
Conclusions
Nitinol SuperElastic (3M) did not seem to be superelastic, while Damon Optimal Force (DAMON) showed desirable properties such as the release of light, continuous and almost constant forces during an extended period of activation. The degree of superelasticity and, above all, exerted forces differed significantly among brands. The intra-brand variability had a far greater impact on the released forces than on the length of the plateau and the degree of superelasticity. Titanol (FOR) and Orthonol (RMO) showed the least reproducible behaviours. In contrast, the unloading curves of Damon Optimal Force and Sentalloy M were consistent. Significant inter-batch differences were only observed between Orthonol (RMO), Nitinol Henry Schein (HS) and Euro Ni-Ti Optho TH Plus (EURO) batches. These variations mostly appeared for force values delivered at 1 and 2 mm of deflection. Hence, Ni-Ti archwires must be selected by considering the load-deflection properties in relation to the treatment stage, degree of deflection (crowding), periodontal support and type of desired movement. The heat treatments used in order to modify the original shape produce Ni-rich precipitates avoiding the superelastic properties.
